Introduction
Tropical wetlands (primarily mangroves and peat swamp forests) provide a multitude of important ecosystem services such as coastal protection, pollutant assimilation, water retention and flood alleviation, nutrient production, and support of offshore fisheries and livelihoods. 2 Tropical wetlands are also carbon rich; mangroves, for example, can contain four to six times as much carbon as other terrestrial forest types, 3 and peat swamps accumulate extensive carbon stores in large peat domes that have formed over thousands of years. These carbon storage and sequestration roles are major reasons why there is growing interest in finding ways of better incorporating tropical wetlands into Payment for Ecosystem Services (PES) schemes such as Reducing Emissions from Deforestation and Forest Degradation + (REDD+), especially in the wake of the United Nations Framework Convention on Climate Change (UNFCCC) conference held in Cancun, Mexico in 2010 (COP-16).
REDD+ is a strategy aimed at protecting important terrestrial forest habitats from deforestation. Although including tropical wetlands into the REDD+ program is attractive, the challenges of effectively doing so are currently huge because:
_______________________________________________________________________________________ International Journal of Rural Law and Policy 2013 Special Edition REDD+ and the legal regime of mangroves, peatlands and other wetlands: ASEAN and the world 2 As a wetland scientist, I have written this essay with the aim of introducing, from a physical and biological viewpoint, some of the unique attributes of tropical coastal wetlands in order to inform and prompt further legal and policy debate. This paper discusses the main scientific challenges to incorporating tropical wetlands into PES schemes, and poses questions that policymakers should consider to ensure successful REDD+ implementation.
This paper also aims to highlight the need for collaboration among scientists and policy makers to develop the foundation for robust evidence-based policy. Many of the policy questions raised here are the result of unique physical or biological attributes and processes that need to be understood and measured in order to deploy the most effective management, legal or policy instrument. Tropical wetlands are chronically understudied when compared to other ecosystems (due to geographical location and issues of access). Consequently, significant knowledge gaps exist in understanding their dynamics and stability. 4 In many countries there is even a lack of basic information about how much tropical wetland is being lost.
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Conservation policy interventions are most effective when informed by a robust and transparent base of scientific knowledge. 6 In order to create legitimate and transparent knowledge for integration into evidence-based policy there is a need for increased scientific understanding of the dynamic nature of wetlands.
Tropical wetlands are dynamic and controlled by external factors
Physical and biological thresholds determine the stability of tropical wetlands. 7 These thresholds relate to species' tolerances to tidal flooding and waves (mangroves) and drainage and dewatering of peat soils, and (often human-induced) fire (peat swamps). Stressors for mangroves include ship wake caused by boat traffic and harbour capacity along the coast, and bridge/causeway construction and coastal land reclamations at some distance from the mangrove causing significant changes in prevailing hydrodynamic (current and wave) conditions. 8 The stability of peat swamp carbon reserves is affected by drainage inside and outside the area, as well as illegal fires for land clearance that spread through neighbouring forests. 9 The temporal and spatial scales of stressors on tropical wetlands have important implications for decisions about the most appropriate policy or management instrument.
Site-scale stressors are local and often operate over short periods. For example, the mangrove site at Tanjung Piai National Park in southern Johor, Peninsular Malaysia, is protected through legal designations. However, the mangrove site fronts the Malacca Straits, an essential shipping lane for traffic into Singapore and Malaysia. The wake of increasing numbers of ships has caused significant erosions of the shoreline with a devastating effect on the mangrove 10 (and subsequent release of carbon), as shown in Figure 1 .
Regional-scale stressors, such as peat swamp forest fires caused by illegal land clearance, affect larger areas. It is estimated that in 1997, more than 2.57 gigatonnes (2 570 000 000 tonnes) of carbon was released from the whole of Indonesia due to peat swamp burning.
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On a global scale, perhaps the greatest indirect stressor on tropical wetlands is accelerated sea level rise (SLR).
The choice of instrument for conserving wetlands and peat swamps needs to take into account the stressor and scale of the issue(s) affecting the lands; for example, a policy instrument aimed at reducing ship wake 
Questions for policymakers
The dynamic nature of tropical wetlands, and the various stressors that contribute to their dynamism raises important and unique questions for policy.
What interventions are most effective for managing a dynamic group of ecosystems?
It is important to consider the most appropriate intervention and not simply follow a particular proffered programme (such as REDD+) as a general panacea to address wetland loss. It may turn out that if a PES policy does not address the biophysical drivers of habitat loss in a particular wetland area, it may not be the most effective tool.
Should REDD+ schemes produce a surplus of carbon credits as a buffer to wetland dynamics?
If a suitable policy instrument cannot be identified (point 1), other options should be investigated that provide a buffer to natural and anthropogenically-induced wetland dynamics. Neeff and Ascui describe the mechanisms that create a buffer of carbon credits that allow periods of non-permanence to be weathered, including fungible and temporary credit structures. 12 However the authors note that several issues, such as demand and price depression of temporary credits, and credit reserves need to be developed further and implemented as a mandatory step in wetland REDD+. 
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Temporal scales of carbon dynamics may not fit policy timescales
Temporal scales of wetland ecosystem growth and succession may not operate on timescales that are policy-relevant. Alongi describes timescale in tropical wetland carbon storage (biomass) versus carbon accumulation (primary production).
13 Some PES schemes may only be interested in financing the amount of carbon protected from deforestation (long-term storage), or the amount of carbon sequestered from the atmosphere. The initial instinct may be to protect old growth wetland forests with large biomass trees that have a greater overall carbon store. However, after a certain age, such forests reach a plateau of primary production, so carbon accumulation rates do not increase further. 14 Thus, conserving old and stable mangroves may do little to sequester additional carbon from the atmosphere. It is also possible to make the argument that it is beneficial to plant mangrove saplings (which is not applicable in some PES schemes) and thereby accumulate increasing rates of carbon when compared to old mangrove forests. However, mangrove trees are small, and the total amount of carbon that can be accumulated and stored in them is, therefore, small.
However, the discussion about carbon under PES schemes concerns the temporal scale of carbon dynamics in the above ground biomass proportion of forest carbon when, in wetlands, a large proportion of carbon is stored below ground (see section below). Below ground carbon stocks in mangroves and peat swamps have been accumulating as peat over centuries at a rate of millimetres per year (Figure 2a ) through the trapping of sediments and organic matter. 14 Inexpensive point methods exist to measure such small changes in the wetland soil (see, for example, Figure 2b ), but over the 20-year period of a typical REDD+ project 15 there will be little change in accumulation. Thus, the slow accumulation of below ground carbon suggests that a PES scheme that values the carbon 'locked in' over the timescale of the project will be more successful than those that value rates of sequestration. 
What forest age class is the most appropriate to protect?
The aim of the PES scheme, and the 'type' of carbon being protected and paid for needs to be clearly stated -is it carbon storage (and reducing the release of stored carbon) or is it sequestration and active removal of carbon dioxide from the atmosphere? Tropical wetlands may be more suited to a focus on the former.
What mechanisms are in place to protect carbon stocks and accumulation over timescales that are longer than PES schemes?
Since the below ground carbon stock has taken centuries to accumulate, it cannot be readily replaced if lost after a PES scheme expires. Firm plans need to be made to maintain this carbon stock in perpetuity -beyond the relatively short period of a PES scheme. Indeed, basing all funding for a protected area on a single scheme such as REDD+ may be 'risky business'.
16
The majority of carbon in tropical wetlands is stored below ground MRV of carbon stocks, accumulation and fluxes has faced a number of technical and institutional challenges in terrestrial forests, 17 though such challenges are surmountable; there are now robust carbon stock and emission assessments over large -even global -scales. 18 Indeed, it has been suggested that issues of MRV for terrestrial forests may now be more political and institutional rather than technical.
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The same does not hold true for the MRV of tropical wetland carbon; technical challenges remain a huge problem due to the location of the stored carbon. While in most terrestrial forests the majority of carbon is stored in above ground biomass, tropical wetlands store most of their carbon below the ground, predominantly in deep and long-term peat deposits. Donato et al estimated that, for mangroves in the Indo-Pacific, between 49 and 98 per cent of a mangrove's total carbon pool is stored below ground. 20 However, Donato et al's study only sampled the top three meters of the soil column, whereas the depth of mangrove soils may reach five to eight meters in Southwest Thailand and eleven to sixteen meters in Singapore (author's personal observations). Thus, current estimates of carbon stores may be highly conservative.
At present the rapid and accurate MRV of the total tropical wetland carbon pool is almost impossible because:
_______________________________________________________________________________________ Technical limitations mean that assessments of below ground, and hence the total mangrove carbon pool, can only be broadly estimated. Carbon accounting and monetisation need to operate within these technical constraints, which -due to the disproportionate amount of below ground carbon -are largely peculiar to tropical wetland systems. Because of constraints to MRV, REDD+ investors and policymakers will likely have to accept lower standards of certainty and scientific verification. 24 Due to scientific uncertainty, carbon accounting must employ accounting principles of conservativeness to anticipate a lower, more robust estimate of carbon, and minimise the risk of overestimation. This is being addressed somewhat in discussions of terrestrial REDD+ but is even more important for tropical wetlands due to greater information uncertainty.
Would other proxies of total carbon pool be acceptable to markets?
Currently, top-down proxies of easy-to-identify structural features (for example vegetation cover), as opposed to bottom-up measurements of fluxes, processes and hidden stores are the basis for measures. 28 Given the impossibility of below ground carbon stock assessment, other top-down proxies must be defined and tested for suitability and robustness. Depending on the aim of the PES scheme (for example paying for stocks versus paying for sequestration), bottom-up measurements of fluxes may be appropriate, for example measuring rates of carbon accumulation as per Figure 2b .
Conclusions
Several unique aspects of tropical wetlands bring with them a number of specific challenges to the successful implementation of PES schemes. Current REDD+ strategies, designed and piloted primarily in terrestrial forest systems, cannot, at present, adequately address the three main challenges discussed in this paper: first, the need for management, legislative and governance structures that account for the biophysical dynamism of coastal wetlands; second, the need to choose policies that operate adequately over geomorphological and ecological timescales; and third, the need to understand the difficulties of accurate total mangrove carbon determination, and the need to better incorporate treatments of uncertainty into MRV. These scientific challenges are in addition to already-recognised institutional and capacity-building issues for REDD+, though it is the scientific challenges that have received the least attention 25 and potentially determine the success of REDD+ institutions and structures. This paper has summarised some of the major scientific challenges specific to wetlands in order to begin a discussion on how to address them. The successful conservation of important and imperilled tropical wetland systems can only be brought about through the real and sincere integration of scientific, legal and policy thinking. 
